All programmable microwave photonic filters to date have been limited by the trade-off between the resolution and the operation bandwidth to construct arbitrary filter shapes. Here, we propose a new approach to synthesize a radiofrequency photonic filter with an arbitrary response and reconfigurable resolution through phase-only tailoring, which is implemented in a low-loss photonic chip. Based on an algorithm, incorporating the target transfer function of the filter optimum resolution can be intelligently chosen by tuning the coupling coefficients and the round-trip phase of cascaded ring resonators. We achieved filtering with tunable resolution from 300 MHz to 25 GHz along with various filtering shapes and multiple passbands.
All programmable microwave photonic filters to date have been limited by the trade-off between the resolution and the operation bandwidth to construct arbitrary filter shapes. Here, we propose a new approach to synthesize a radiofrequency photonic filter with an arbitrary response and reconfigurable resolution through phase-only tailoring, which is implemented in a low-loss photonic chip. Based on an algorithm, incorporating the target transfer function of the filter optimum resolution can be intelligently chosen by tuning the coupling coefficients and the round-trip phase of cascaded ring resonators. We achieved filtering with tunable resolution from 300 MHz to 25 GHz along with various filtering shapes and multiple passbands. Integrated photonic radio-frequency (RF) filters have been regarded as the alternative to the traditional RF filters, with key advantages of wide bandwidth and large tunability along with the features of small size, light weight, and low power consumption [1, 2] . In particular, programmable RF photonic filters that can synthesize arbitrary filter functions through software reconfiguration are highly coveted for the real-time, broadband, and software-defined signal processing and cognitive radio in the 5G networks or modern radar systems [3, 4] . The key features of these programmable features are tunable filtering shape, bandwidth, central frequency, and resolution, which can offer the tunability of shape (envelope), the operation bandwidth, as well as the central frequency. Thus, so far approaches to realize photonic arbitrary RF filters have been demonstrated based on various schemes such as liquid-crystal modulation and optical comb-assisted stimulated Brillouin scattering (SBS) [5, 6] .
Typically, the target transfer function of these reported filters is formed by successive small grids, each with a fixed resolution as shown in Fig. 1(a) . To form a wider bandwidth with a reconfigurable filtering shape, the grids are arranged with tunable amplitudes. The filter shape that can be synthesized is dictated by the grid resolution. Too-coarse grids, for example in the case of liquid-crystal-on-silicon (LCoS) filters with tens of gigahertz (GHz) resolution lead to imprecise filtering. On the other hand, with ultrahigh resolution [megahertz (MHz)-scale] grids in the case of SBS, constructing a wideband filter requires a large number of grids and can be quite challenging [5] . Then the method of sweeping frequency is proposed to circumvent this problem for only fiber-based SBS schemes [6] . More importantly, these limitations further prevent the integration of a highly reconfigurable filter in a photonic chip platform. Ideally, an arbitrary shape filter with tunable bandwidth can be produced by combining grids with different resolutions, either through addition of these grids or through subtraction, as shown in Fig. 1(b) . By judiciously choosing the grids' resolution depending on the target bandwidth and features in the filter shape, this new approach can lead to practical implementations in an integrated footprint.
In this Letter, we propose a new approach to create an on-chip RF photonic filter with an arbitrary filtering shape and an algorithm-driven reconfigurable resolution through optical phase tailoring. In addition to the advantage of the integrated solution, the proposed filter is able to intelligently choose the optimal one or multiple reconfigurable resolutions to form the target transfer function based on optimization algorithm. This performance is realized by on-chip ring resonator filtering of a RF-phase-modulated optical spectrum, resulting in phase-dependent RF cancellation at a reconfigurable resolution. We experimentally demonstrate the concept using cascaded ring resonators to achieve a high reconfigurable resolution of 300 MHz over a wide bandwidth of 25 GHz and a high suppression ratio of ∼40 dB. In addition, the central frequency of the filter could be tuned within 12.5 GHz. Using the manipulation algorithm, we successfully synthesize rectangular-, triangle-, cosine-, and trapezoid-shaped transfer functions using only two tunable phase difference terms. Figure 2 shows the conceptual scheme of the proposed microwave photonic filter with algorithm-driven reconfigurable resolution based on cascaded ring resonators. It consists of a laser diode (LD), an optical phase modulator (PM), an optical filtering element based on a programmable silicon nitride circuit, and a photodetector (PD). When implementing the optical filtering element using cascaded optical ring resonators, our filter is determined by the phase and amplitude response of the rings, which can be tuned by the coupling coefficient of ring (k) and the round-trip phase (φ) [7] . In order to choose the optimal resolution to highly efficiently synthesize the target transfer function in our filter, we specially design an optimization method based on a swarm evolutionary algorithm (i.e., particle swarm optimization, PSO). It can extract the feature of target transfer function and deduce the optimized values of parameters k and φ, which are used to create those resolution grids for synthesizing the target transfer function. Subsequently, the voltages of heaters attached on the rings can be manually adjusted according to the optimized values of k and φ. Figure 3 is the principle of an RF filter based on phase tailoring of the RF-modulated optical signal using cascaded rings.
It is the scheme of a typical passband microwave photonic filter based on filtering of the RF-phase-modulated optical signal [8] . First, the information of the input RF signal is converted into the optical domain via the phase modulation [see Fig. 3 (a)], and then the signal is specially filtered to realize the phasemodulation-to-intensity-modulation (PM-IM) conversion. Here, we use the resonances from two or more ring resonators that are set to be asymmetrically positioned with respect to the optical carrier, i.e., f 1 ≠ f 2 as shown in Fig. 3(b) . If the transfer function of the cascaded ring resonator filter is supposed to be H ω ffiffiffiffiffiffiffiffiffi rω p expjθω, after converted back to the RF domain at the PD, the voltage of the generated microwave signal without the DC term after the PM-IM conversion can be expressed as [9, 10] V ω e ∝ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi rω 0 ω e p cosω e t θ UC − ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi rω 0 − ω e p cosω e t θ LC ;
(1) where θ UC ∕θ LC are the phase components, which are separately generated by the beating between the upper/lower sideband and optical carrier at the PD, i.e., θ UC π∕2 θω 0 ω e − θω 0 and θ LC π∕2 θω 0 − θω 0 − ω e , as in Fig. 3(c) . Then the transfer function of our proposed filter can be expressed as
It can be clearly seen that the transfer function of such a filter is determined by the amplitude and phase responses of the optical filter element. Most filters are implemented by manipulating the amplitude profile, while only recently an on-chip tunable photonic RF filter that utilizes the phase response of cascaded ring resonators was reported [11] . When the 1-order sidebands suffer from nearly equal amplitude (i.e., ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi rω 0 ω e p ≈ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi rω 0 − ω e p ) and a significant phase difference (i.e., ΔPhase θ UC − θ LC ) as in Fig. 3(c) , the transfer function of the filter in Eq. (2) can be approximately expressed as
(3) Therefore, a passband RF filter can be realized by such a phase difference term, as shown in Fig. 3(d) .
By properly tuning the round-trip phase and coupling coefficient of rings (φ, k), one can tailor the properties of this phase difference term, namely its bandwidth, magnitude, and sign as well as its symmetry. In Fig. 4(a) , the tuning of these parameters is illustrated as following: (i) Bandwidth: by adjusting the round-trip phase of the rings (φ) to control the frequency difference (i.e., jf 1 − f 2 j) of the resonances, the bandwidth of the generated phase difference is changed correspondingly.
(ii) Magnitude: by controlling the coupling coefficients of the ring (k), the magnitude of the phase difference term will be tuned due to the variation of the phase slopes.
(iii) Sign: the sign of the phase term can be tuned by setting f 1 > f 2 (positive phase difference) or f 1 < f 2 (negative phase difference). (vi) Symmetry: setting different coupling coefficients of the rings (i.e., k 1 ≠ k 2 ) creates an asymmetric phase difference term and subsequently an asymmetric RF photonic filter shape. Based on these properties, the phase difference term can be used to be a grid with a continuously tunable resolution of jf 1 − f 2 j. Once obtained, the phase difference term can be added to or subtracted from another phase term with different parameters to construct a new phase envelope by simply cascading more resonators as shown in Fig. 4(b) . Therefore, an arbitrary phase difference term can be produced by combining grids with different resolutions, and subsequently an arbitrary RF filter response can be achieved based on the Δphase-dependent RF cancellation. Note that the phase and amplitude response of the ring are not independent; in fact, the filtering shape of the RF photonic filter will bear the effect from the amplitude response of the ring, which can flatten the filter response.
Based on the principle above, we experimentally demonstrate the proposed RF photonic filter with the setup similar to Fig. 2 . Four low-loss silicon nitride rings are cascaded in a single chip. The Si 3 N 4 ring resonator is designed with a bend radius of 125 μm, and the corresponding free spectral range (FSR) is measured to be 25 GHz. The insertion loss of such a chip is measured to be ∼7 dB, including the propagation loss of 0.2 dB/cm and the facet loss of 3 dB for each. The rings are thermo-optically tunable using chromium heaters with an average power consumption of 0.25 W. The voltages to the heaters were supplied from voltage sources with 12-bit resolution. The ambient chip temperature was stabilized using a thermo-electric cooler. A laser with a central wavelength of 1550 nm and optical power of 22 dBm was used as the optical source. The PM with an inserted loss of ∼4 dBm and a half-wave voltage of ∼4 V is used, and a high-speed PD with a responsivity of 0.5 A/W is used. The transfer function of the filter is measured using a vector network analyzer (VNA).
Using our new approach, we synthesize a filter with rectangular transfer function, aiming at a flat passband and steep transition between stopband and passband. In order to realize a rectangular filter, we used resonances from four ring resonators. The optical carrier is closely located at the middle of every two resonance frequencies so that the two resonances from the rings are used to create a phase difference. The measured transfer functions of the rectangular bandpass filter are shown in Fig. 5(a) . By adjusting the φ, k from two rings, a tunable bandwidth of 1-, 2-, 3-, 4-, 5-, 8-, 10-, 24-, and 25 GHz along with a high suppression of ∼35 dB can be achieved simultaneously. The calculated filter response achieved through the optimization algorithm is shown in Fig. 5(b) . Then, by shifting the resonances simultaneously with respect to the optical carrier while keeping jf 1 − f 2 j fixed, the central frequency of each phase difference term can be adjusted, and then the formed passband can be adjusted correspondingly. Figures 5(c) and 5(d) are the measured transfer functions of the rectangular passband filters with different central frequencies of 5-, 7.5 GHz at the same bandwidth (7 or 3 GHz). As shown in the inset of Fig. 5 , these rectangular bandpass filters are achieved by adding a wide negative phase difference term with a resolution (jf 1 − f 2 j) of ∼3.88c∕ 1.50d GHz and a narrow positive phase difference with a resolution of ∼1.90c∕0.38d GHz located at the same central frequency. The resulting phase difference term is shown as the filled blue curve, which can further be transferred into bandwidth-tunable rectangular filter responses.
To further demonstrate the flexibility of our new approach, we synthesize transfer functions of various shapes by properly tailoring the combination of two phase difference terms. Figure 6 (a) is the measured trapezoid transfer function of the filter, which is synthesized into a positive phase difference term by a positive one and a negative one. In addition to the subtraction of phase difference terms, we can add the phase difference terms as shown in Fig. 6(b) . A triangular-shaped transfer function is formed by two positive phase terms with difference magnitude at the same resolution of ∼0.50 GHz. Next, by adding two phase difference terms with different resolutions of ∼4.38 GHz and ∼0.50 GHz, a cosine-shaped Fig. 6(c) .
Finally, we show the independent tunability of the bandwidth, the shape, and the central frequency in our approach. Fig. 7(b) ]. This indicates that the number of passbands could also be tuned in our system. Figure 7 (c) shows the measured transfer function with a passband with a wide 3-dB bandwidth of ∼7 GHz and a passband with a narrow 3-dB bandwidth of ∼0.3 GHz. It is achieved by properly combining five resonances with different parameters, where the narrow passband is the result of a single resonance at the critical coupling. In addition, by slightly changing the k of one resonance in the similar case of the rectangular filter in Fig. 5 (i.e., k 1 ≠ k 2 ) , we obtain a two-passband transfer function of a filter with asymmetric shapes in Fig. 7(d) .
We compare our proposed filter with previously demonstrated arbitrary microwave photonic filters in terms of tunability or reconfigurability, which is summarized in Table 1 .
To date, reconfigurable bandpass filters based on SBS in optical fiber have shown an unmatched resolution (MHz) and high degree of reconfigurability and precision in defining the filter shape. Nevertheless, achieving such reconfiguration for multiGHz bandwidth with SBS can be found challenging in a number of ways, including the detrimental nonlinear mixing effect and very high power required in a relatively short medium. The latter is the key limiting factor that currently prevents very a wideband SBS filter from being achieved in integrated devices, despite encouraging recent developments [5] . On the other hand, our approach is very flexible to achieve a very wide bandwidth reconfiguration from 300 MHz up to 25 GHz. These bounds are currently set by the quality factor of the ring and the FSR, respectively.
Another comparison can also be made with high-order lattice filters implemented in ring resonators, Mach-Zehnder interferometers (MZIs), or their combinations [2, 8, 15] . While these filters are capable of high extinction and rectangular shape, their synthesis and subsequently tuning are highly complicated with strong interdependencies between the filtering elements. Our approach, on the other hand, relies on independent resonators cascaded in a series, which leads to massive simplification of the filter tuning and reconfiguration. This is even more impactful in the presence of crosstalk between the tuning elements, which is common in thermo-optically tuned on-chip devices. 
